SUMMARY Understanding the relationship between egg size, development time, and juvenile size is critical to explaining patterns of life-history evolution in marine invertebrates. Currently there is conflicting information about the effects of changes in egg size on the life histories of echinoid echinoderms. We sought to resolve this conflict by manipulating egg size and food level during the development of two planktotrophic echinoid echinoderms: the green sea urchin, Strongylocentrotus droebachiensis and the sand dollar, Echinarachnius parma. Based on comparative datasets, we predicted that decreasing food availability and egg size would increase development time and reduce juvenile size. To test our prediction, blastomere separations were performed in both species at the two-cell stage to reduce egg volume by 50%, producing whole-and half-size larvae that were reared to metamorphosis under high or low food levels. Upon settlement, age at metamorphosis, juvenile size, spine number, and spine length were measured. As predicted, reducing egg size and food availability significantly increased age at metamorphosis and reduced juvenile quality. Along with previous egg size manipulations in other echinoids, this study suggests that the relationship between egg size, development time, and juvenile size is strongly dependent upon the initial size of the egg.
INTRODUCTION
The absence of parental care is a common phenomenon in nature, occurring in diverse taxa including plants, lizards, insects, fish, amphibians, and marine invertebrates (Sinervo 1990; Roff 1992; Fox 1997) . Without parental care, offspring must obtain energy for growth and development from at least one of two possible sources: endogenous resources in the egg or seed or nutrient acquisition from external sources. Among animals, some species develop using only endogenous energy sources (nonfeeding development), whereas others require both endogenous and exogenous energy sources (feeding development), defining two ends of a continuum of nutritional strategies. Offspring with nonfeeding development tend to have greater maternal investment than offspring with feeding development (e.g., amphibians: Thibaudeau and Altig 1999; marine invertebrates : Strathmann 1985) . In species with feeding development, the costs of lower investment per offspring are predicted to be offset by increased fecundity, defining the classic egg size-number tradeoff (Smith and Fretwell 1974; Stearns 1992) . However, frequent attempts to identify the costs of small egg size have revealed highly variable and inconsistent effects of egg size on offspring fitness (Sinervo 1990 (Sinervo , 1999 Hart 1995; Nager et al. 2000) . Marine invertebrates often develop in the absence of parental care and have been used extensively to test the effects of egg size on development (McEdward 1986; Sinervo and McEdward 1988; Hart 1995; Emlet and Hoegh-Guldberg 1997; Staver and Strathmann 2002; Allen et al. 2006; McAlister 2007; Marshall and Keough 2008) . Here we use two species of echinoid echinoderms as a model system to identify the specific costs of small egg size.
In free-spawning marine invertebrates, egg size is positively correlated with maternal investment per offspring (Emlet et al. 1987; McEdward and Carson 1987; Jaeckle 1995) and negatively correlated with fecundity (Thorson 1950) . Researchers have often simplified the complex relationships between egg size, parental investment, and fecundity to describe two main types of planktonic development: planktotrophy and lecithotrophy. Planktotrophic larval development, characterized by small egg size, is sustained by energy invested in the egg, consumption of particulate food, and the uptake of dissolved organic matter (Manahan 1990; Jaeckle 1995) . Because planktotrophic offspring rely heavily on exogenous food sources, larval development time, and therefore the likelihood of mortality in the plankton, is increased (Young and Chia 1987; Rumrill 1990; Morgan 1995) . In contrast, lecithotrophic marine invertebrates develop from much larger eggs and utilize only the endogenous energy invested in the egg by the parent, thereby reducing the duration of planktonic development (Thorson 1950; Strathmann 1987) . Although the contrasting developmental strategies of planktotrophy and lecithotrophy are common in marine invertebrates (Levin and Bridges 1995) , numerous intermediate developmental strategies exist (e.g., Allen and Podolsky 2007 ; see Allen and Pernet 2007 for a review).
Support for the planktotrophy-lecithotrophy dichotomy comes from an early model of life-history evolution that suggested only extreme (small and large) egg sizes are evolutionarily stable (Vance 1973) . In this model, the relationship between egg size and development time is a central parameter and changes in egg size were assumed to be linearly related to changes in development time (Vance 1973) . However, changing the assumptions about the nature of the egg sizedevelopment time relationship can drastically influence the outcome of life-history models (Christiansen and Fenchel 1979; Strathmann 1985; Podolsky and Strathmann 1996; Levitan 2000) . For example, Strathmann (1985) predicted that a continuum of egg sizes would be favored if the relationships between size and growth rates or size and mortality were modeled as a nonlinear function. Another criticism, that Vance's results are partly dependent on his assumption of a constant juvenile size at metamorphosis (Strathmann 1977) , has found recent support in the growing body of evidence that larval development and juvenile growth are not decoupled at metamorphosis (Pechenik 2006 ). In the 35 years since Vance's original model, these and many other improvements have provided a better fit between theoretical predictions and empirical data describing the relationship between egg size, development time, and juvenile size.
In addition to modeling efforts, the developmental effects of maternal investment (i.e., egg size) and larval food supply, which function as the endogenous and exogenous sources of nutrients, can be examined using experimental manipulations of the levels of each resource. We predicted that increasing food supply would reduce time to metamorphosis and increase size at metamorphosis as has been shown previously for echinoid echinoderms (Hart 1995; Miller and Emlet 1999; Allen et al. 2006) . Because the effect of larval feeding on exogenous nutrient sources can be tested by simply adjusting food availability, the primary challenge is isolating the effects of egg size on larval development (McEdward 1988; Bernardo 1991) . Previous studies have established blastomere separations as an effective method for manipulating maternal investment (Harvey 1940; Marcus 1979; Driesch 1892; Sinervo and McEdward 1988; Hart 1995; Allen et al. 2006; Moran and Allen 2007) . At the two-cell stage, the blastomeres of an echinoderm embryo can be separated to produce two individual, half-volume zygotes that undergo normal embryonic and larval development, complete metamorphosis (Harvey 1940; Driesch 1892) , and mature into sexually reproductive adults (Cameron et al. 1996) .
Two previous studies have used blastomere separations to examine the ecological and evolutionary consequences of changes in maternal investment in the green sea urchin, Strongylocentrotus droebachiensis (Muller). Sinervo and McEdward (1988) measured the effects of blastomere separations on larval form, development time, and juvenile quality. Their observations suggest that reducing egg size increases larval development time without affecting juvenile quality (Sinervo and McEdward 1988) . In contrast, a subsequent study using similar methods concluded that reducing egg size decreased juvenile quality without affecting larval development time (Hart 1995) . This contradiction has persisted in the scientific literature for over a decade (Marshall and Keough 2008) and resolving it is a key step in understanding the relationship between egg size and development time in echinoderms. In this study, we directly address this contradiction by examining the effects of maternal investment and food level on larval and juvenile growth and survival in two obligately planktotrophic species of echinoid echinoderms: the sea urchin S. droebachiensis and the sand dollar Echinarachnius parma (Linnaeus). Examining these effects in multiple echinoid species can help identify the mechanisms underlying the fundamental evolutionary trade-off between offspring size and number.
MATERIALS AND METHODS

Adult and gamete collection
In June 2006, adult E. parma were collected by Ocean Resources (Sedgwick, ME, USA) from a sandbar at St. Helena Island (Stonington, ME, USA) (latitude 44107.58 0 N, longitude 68138.43 0 W) and shipped overnight to the Bowdoin College Coastal Studies Center (CSC) on Orr's Island (Harpswell, ME, USA). In February 2007, adult S. droebachiensis were collected from the Rockland, ME harbor breakwater (latitude 44106.13 0 , longitude 69104.67 0 ). Adult E. parma and S. droebachiensis were maintained at 15-171C and 8-101C, respectively, in flow-through seawater aquaria at the CSC. Adult E. parma and S. droebachiensis were induced to spawn through intracoelomic injection of 0.5 M KCl (1ml for E. parma; 1-2 ml for S. droebachiensis). Females were inverted over glass beakers and eggs were collected in 0.45 mm Millipore filtered seawater (FSW). Sperm were collected ''dry'' from spawning males. One male/ female pair was crossed for each species. Eggs were resuspended in FSW and washed once with clean FSW before fertilization.
E. parma blastomere separations
Eggs suspended in approximately 100 ml of FSW were fertilized by adding o1 ml of dilute sperm suspension. The mean egg diameter for unfertilized eggs of the female used was 141.7 AE 0.2 mm (N 5 15). To assess fertilization success, we used light microscopy to check that fertilization envelopes (FEs) were visible on 490% of eggs. To generate half-size embryos, blastomeres were separated at the two-cell stage to reduce the initial volume of whole-size embryos by 50%. The FE (mean diameter 5 219.2 AE 0.3; N 5 15) was removed approximately 8 min after fertilization by pouring eggs once through a 140-mm nitex mesh. This treatment resulted in the loss of FEs in approximately 50% of embryos whereas 50% of embryos, retained the FE. All zygotes were then transferred into calcium-free seawater (CaFSW) immediately after envelope removal in order to dissolve the hyaline layer (Strathmann 1987) . Two subsequent CaFSW washes of all embryos were performed at 15-min intervals. After embryos completed first cleavage (approximately 80 min following fertilization), the two sister blastomeres were separated from one another through gentle shaking and stirring, thereby forming half-size embryos. Embryos that retained their FEs after passage through nitex mesh developed normally following CaFSW shaking and stirring treatments. These embryos served as the whole-size treatment. All fertilizations and egg size manipulations were performed at room temperature (approximately 211C).
S. droebachiensis blastomere separations
Eggs suspended in a small amount (o10 ml) of FSW were fertilized by adding o1 ml of dilute sperm suspension. The mean egg diameter for unfertilized eggs of the female used was 160.7 AE 0.1 mm (N 5 20). To assess fertilization success, we used light microscopy to confirm that 490% of FEs had arisen (mean diameter 5 215.7 AE 0.2 mm; N 5 20). Within 2 min of fertilization, chilled (121C) calcium-and magnesium-free seawater (CaMgFSW; recipe in Strathmann 1987) was added in a volume approximately 5-10 times greater than the volume of the egg/sperm suspension. Immersion in CaMgFSW caused the FEs to swell and become easy to remove by mechanical disturbance. To determine the success of the CaMgFSW treatment, expansion of the fertilization envelopes was confirmed by light microscopy. After transferring the fertilized eggs into eppendorf tubes, swollen FEs were removed by gentle manual shaking. Light microscopy verified that 450% of zygotes had lost their FEs. After 10 min, the zygotes were transferred from CaMgFSW to chilled CaFSW. The zygotes remained in CaFSW until approximately 2.5 h after fertilization, or until first cleavage was complete. When embryos completed first cleavage, the two sister blastomeres were separated through gentle shaking and stirring, thereby forming half-size embryos. Embryos that retained FEs after treatment with CaMgFSW developed normally throughout immersion in CaFSW and following shaking and stirring treatments. These embryos are referred to as whole-size embryos. Following treatment, all embryos were returned to FSW at 121C. For both species, the large number of embryos (4100,000 per species) to which the blastomere separation protocol was applied and the relatively small number of embryos selected for the experiments (6000 per species) minimized the probability of rearing twins in the same container. Controls for the effect of the retention of the FE in whole-size embryos after treatment were not conducted, however previous studies have shown no effect of the removal of the FE on development in other echinoid species (Allen 2005) .
Larval staining
To differentiate between whole-and half-size embryos and larvae within a container, one size class per container was stained using the vital stain Nile Blue Sulfate (Allied Chemical Corporation, Buffalo, NY, USA, Simon 1974; Allen et al. 2006) . A small amount of powdered Nile Blue Sulfate was dissolved in approximately 50 ml chilled FSW. Swimming blastulae (about 18 h old) were sorted based on their size class (whole or half) and then immersed in the stain for approximately 25 min until they had turned noticeably blue. Staining of whole-and half-size blastulae alternated between containers to control for staining effects. In other marine invertebrate species, brief exposure to Nile Blue Sulfate does not produce any detectable effect on development (Simon 1974; Allen et al. 2006) . Metamorphosed juveniles of both species retained visible levels of stain upon settlement.
Larval rearing E. parma larvae were reared during summer 2006 at 15-171C. S. droebachiensis larvae were reared during spring 2007 at 121C. For each species, whole-and half-size larvae were reared together in 1000-ml plastic tri-pour beakers. Rearing the size classes together in each container enabled us to reduce the number of containers and minimize the strong between-container effects on larval growth observed in previous studies (e.g., Hart 1995) . Each container initially held 250 whole-size and 250 half-size larvae. Containers were randomly assigned to high or low food treatments. Cultures of Dunaliella tertiolecta, a common single-celled alga obtained from the Center for Culture of Marine Phytoplankton (Bigelow Laboratories, West Boothbay Harbor, ME, USA), were grown in sterilized FSW with modified Guillards f/2 medium (Florida Aqua Farms Inc., Dade City, FL, USA). Algae were separated from the culture medium by centrifugation and added to experimental containers every other day at a concentration of 5000 cells/ml for high food treatments and 1000 cells/ml for low food treatments. Filtered seawater was replaced every other day. Water in each container was stirred by plexiglass paddles at a rate of 10 strokes/min (Strathmann 1987) . Three replicate containers were maintained for each combination of food and staining treatments (12 containers total for each species).
Juvenile measurements
Competent E. parma larvae were induced to settle by the addition of 0.5-0.7 g of adult-conditioned sand, which is an effective cue for settlement and metamorphosis (Highsmith 1982; Pearce and Scheibling 1990a) . Competent S. droebachiensis were induced to settle via the addition of mussel shells (Pearce and Scheibling 1990b; Pearce and Scheibling 1991; Lambert and Harris 2000) . Mussel shells consistently induced greater levels of metamorphosis in S. droebachiensis than either small cobbles encrusted with corraline algae (Lithothamnium sp.) or adult sea urchin spines (J. D. Allen, unpublished data). Settlement-inducing substrates were added directly to each container and replaced every other day during routine water changes. The onset of competence in each species was assessed by the presence of a large rudiment and visible juvenile spines within the larval body. Containers were searched for juveniles every 1-2 days with a dissecting microscope and the date of metamorphosis was recorded for each juvenile. Each juvenile was measured at Â 400 magnification using an ocular micrometer on a compound microscope. To determine juvenile quality at metamorphosis, three measurements were taken: disk area, which was estimated as the area of an ellipse using the disk diameters along the longest axis and the axis perpendicular to the longest axis; total spine number; and the average length of the three longest spines.
Statistical analysis
Treatment effects were tested with the mixed-models procedure of SPSS software (version 15.0). The following dependent variables were analyzed: percent survival, disk area, age at metamorphosis, spine number, and spine length. Size (whole or half), Food (high or low), Stain (stained or unstained), and the interaction between Size and Food were analyzed as fixed effects, and Container as a random effect. Where Stain was found to be a significant main effect, the interactions between Stain and Size and Stain and Food were then added to the model. Three-way interactions between Stain, Size, and Food were also performed when Stain was a significant main effect but none of these interactions were found to be significant. For both species, percent survival data were arcsinsquareroot transformed, disk area and age at metamorphosis were log transformed and spine number and spine length were squareroot transformed in order to meet assumptions of normality.
RESULTS
Larval development
E. parma and S. droebachiensis larvae from both Size classes reached metamorphosis under high and low food conditions. E. parma larvae that underwent metamorphosis did so within a period from 20 to 83 days after fertilization. The percentage of E. parma larvae surviving to metamorphosis decreased significantly with Stain (F 1, 9 5 18.276, P 5 0.002) and decreased as Size decreased (F 1, 9 5 8.506, P 5 0.17), but was not affected by Food (F 1, 10 5 1.868, P 5 0.202; Fig. 1A ). Decreasing Size and Food both significantly increased age at metamorphosis, but Food had a lesser effect than Size on age at metamorphosis ( Fig. 2A, Table 1A ). Stain significantly affected age at metamorphosis, however Stain had a lesser effect than either Size or Food ( Fig. 2A, Table 1A ) and did not significantly interact with either Size (F 1, 9 5 1.569, P 5 0.241) or Food (F 1, 2472 5 0.66, P 5 0.798). Finally, there was a significant interaction between Size and Food such that the difference in age at metamorphosis was greater between whole-and half-size juveniles under low food conditions ( Fig. 2A, Table 1A ).
S. droebachiensis larvae that underwent metamorphosis did so within a period from 31 to 91 days after fertilization. The percentage of S. droebachiensis larvae surviving to metamorphosis increased as Size increased (F 1, 8 5 25.421, P 5 0.01; Fig. 1B ). Neither Food (F 1, 9 5 4.257, P 5 0.69; Fig. 1B ) nor Stain (F 1, 8 5 0.423, P 5 0.534) had a significant effect on survival to metamorphosis. Similar to E. parma, decreasing Size and Food both significantly increased age at metamorphosis (Fig. 3A, Table 2A ), but in contrast to E. parma, Food had a greater effect on age at metamorphosis than Size. Stain significantly decreased age at metamorphosis, but had a lesser effect than either Size or Food (Fig. 3A , Table  2A ). Additionally, Stain significantly interacted with Food (F 1, 2362 5 43.734, P 5 0.001) such that under low food conditions stained larvae had a significantly shorter development time than unstained larvae. Stain did not interact significantly with Size (F 1, 8 5 0.129, P 5 0.729). In contrast to our results with E. parma, there was not a significant interaction between Size and Food (Fig. 3A, Table 2A ) regarding age at metamorphosis. Untransformed data for all five response variables for both species under high and low food conditions are plotted in Table 3 .
Comparison of new metamorphs
Disk area at metamorphosis significantly increased as Size increased for both species (Fig. 2B, Table 1B ; Fig. 3B , Table  2B ). Larvae of both species in high food treatments had significantly larger disk areas than larvae in low food treatments (Fig. 2B, Table 1B ; Fig. 3B , Table 2B ). However, while Food had a greater effect than Size on disk area for E. parma juveniles (Table 1B) , Size had a greater effect than Food on disk area for S. droebachiensis juveniles (Table 2B ). For juveniles of both species, there was also a significant interaction between Size and Food such that the difference in disk area between whole-and half-size juveniles was greater under high food conditions. Spine number at metamorphosis for E. parma juveniles significantly increased as Size and Food each increased (Fig.  2C , Table 1C) , with Food having a greater effect than Size (Table 1C) . Spine number at metamorphosis for S. droebachiensis juveniles increased significantly as Size increased, but was not affected by Food (Fig. 3C, Table 2C ). Consequently, S. droebachiensis juveniles from whole-size larvae had significantly more spines than juveniles from half-size larvae under both high and low food conditions (Fig. 3C , Table 2C ).
The average spine length of newly settled juveniles of both species was significantly affected by Size, Food, and Stain (Fig.  2D, Table 1D ; Fig. 3D , Table 2D ). For E. parma juveniles, increased Size and Food both significantly increased spine length, but Food had a greater effect than Size on spine length (Fig. 2D, Table 1D ). Stain significantly decreased spine length for E. parma juveniles (Fig. 2D, Table 1D ). There was no significant interaction between Size and Food on spine length for E. parma juveniles (Fig. 2D, Table 1D ). For S. droebachiensis juveniles, increasing Size and Food increased juvenile spine length while the presence of Stain decreased spine length (Fig.  3D , Table 2D ). Size had the greatest effect on spine length and Stain had a greater effect than Food on spine length (Fig. 3D , Table 2D ). There was no significant interaction between Stain and either Size (F 1, 7 5 0.138, P 5 0.721) or Food (F 1, 2362 5 1.277, P 5 0.259). Lastly, there was a significant interaction between Size and Food such that the difference in spine length between whole and half-size juveniles was greater under high food conditions (Fig. 3D, Table 2D ).
DISCUSSION
Manipulating maternal investment and particulate food had strong effects on larval development, juvenile quality, and survival in E. parma and S. droebachiensis. Reducing egg size increased larval development time and decreased larval survival, juvenile disk area, spine length, and spine number for both echinoid species. Similarly, reducing particulate food availability increased larval development time and decreased juvenile disk area and spine length in both species while also decreasing spine number in E. parma. These are clear, measurable costs of small egg size that may tradeoff with the benefit of increased fecundity. The magnitudes of these Fig. 2 . Average age at metamorphosis (A), disk area (B), spine number (C), and spine length (D) for Echinarachnius parma. Black bars represent high food containers; white bars represent low food containers. Bars are means AE SE. Disk area and age at metamorphosis were log transformed and spine number and spine length were squareroot transformed before analysis in order to meet assumptions of normality. Data for age at metamorphosis and disk area were log transformed and spine number and spine length were squareroot transformed before analysis to meet normality assumptions. Container was included as a random effect in each model. Significant effects (Po0.05) are in bold.
effects were quite variable between species. Examining only high food treatments, reducing egg size increased development time by approximately 5-10%, decreased juvenile disk area by 10-30%, decreased spine length by 4-40% and decreased spine number by 5-18%. These results suggest that the costs of egg size reductions are spread across several aspects of larval and juvenile quality.
Interactions among treatments
The presence of interactions between Size and Food indicate that maternal investment and exogenous particulate food are not entirely separate in their effects. Size Â Food interactions affected age at metamorphosis in E. parma, spine length in S. droebachiensis, and disk area in both species. Low food treatments were expected, a priori, to maximize the effects of the egg size treatment on both larval development and juvenile quality. As expected, the Size Â Food interaction affecting age at metamorphosis resulted from greater differences between egg size treatments under low food conditions. However, the Size Â Food interactions affecting juvenile quality (disk area in E. parma; disk area and spine length in S. droebachiensis) were due to greater differences between egg size treatments under high food conditions. The increased differences in the size of whole-and half-size juveniles reared under high food conditions suggest that an abundance of exogenous food during the larval stage cannot compensate for a reduction of maternal investment. It should be noted, however, that our study used only a single species algal diet and more realistic mixed species algal diets have been shown to enhance growth in echinoid larvae (Schiopu et al. 2006) . In addition to our dietary selection, rearing temperature may play a significant role in the responses of the two species discussed here.
An important aspect of the blastomere separation protocol was the alternate staining of whole-and half-size larvae with Nile Blue Sulfate, a lipophilic vital stain enabling us to differentiate between size classes. The use of a vital stain was first suggested in Hart's (1995) study as a means of increasing the power to detect effects on larval growth and reduce betweencontainer effects. Although use of this vital stain in previous studies of echinoderm larvae had no significant effects on Fig. 3 . Average age at metamorphosis (A), disk area (B), spine number (C), and spine length (D) for Strongylocentrotus droebachiensis. Black bars represent high food containers; white bars represent low food containers. Bars are means AE SE. Disk area and age at metamorphosis were log transformed and spine number and spine length were squareroot transformed before analysis in order to meet assumptions of normality. Data for age at metamorphosis and disk area were log transformed and spine number and spine length were squareroot transformed before analysis to meet normality assumptions. Container was included as a random effect in each model. Significant effects (Po0.05) are in bold.
larval and juvenile development and growth (Simon 1974; Allen et al. 2006 ), age at metamorphosis and average spine length were both affected by Stain in our study. Interestingly, instead of hindering larval growth and increasing larval development time as might be expected, the presence of stain actually decreased development time for S. droebachiensis. This result indicates that Nile Blue Sulfate is not always deleterious in its effects and may act in some way to shorten development time. In contrast, Stain decreased spine length for both species, suggesting that Nile Blue Sulfate can also have significant negative effects on juvenile development. This reduction in spine length may not be a direct effect of the stain but rather an indirect consequence of the reduction in development time caused by the stain. Nevertheless, the stain was a highly valuable experimental tool for differentiating wholeand half-size size embryos and including its effects in our statistical models did not preclude the detection of significant effects of our treatments of interest (Size and Food). Furthermore, the stain had no detectable effect on two important juvenile quality measurements: disk area and spine number (as well as spine length in E. parma). However, it is possible that the lack of significance of some Food Â Size interactions may be attributable to reduced statistical power caused by the significant main effects of Stain.
Addressing conflicts
The results of our study help to resolve a longstanding conflict from previous studies investigating the effects of egg size reductions on larval development and juvenile quality in S. droebachiensis. Sinervo and McEdward (1988) observed that a reduction in egg size prolonged larval development time, but did not affect juvenile quality. However, Hart (1995) concluded that reducing egg size decreased juvenile quality, but did not prolong larval development time. Our study supports both previous observations because we found that both larval development time and juvenile quality are affected by egg size reductions. Our ability to detect effects of egg size reductions on both larval and juvenile traits likely stems from the increased statistical power we gained by rearing size classes in the same container (through the use of a vital stain). The difficulty Sinervo and McEdward (1988) and Hart (1995) had in distinguishing the costs of small egg size in S. droebachiensis may also be due to its intermediate (for echinoid echinoderms) egg size.
Life-history models and intermediate egg sizes E. parma and S. droebachiensis have mean egg diameters of 142 and 160 mm, respectively, placing them above the median egg size for echinoids (110 mm) but well below the maximum egg size known for obligate planktotrophs (220 mm; Emlet et al. 1987) . We consider egg sizes in this range to be intermediate. An early life-history model supporting a dichotomy between planktotrophy and lecithotrophy proposed that only extreme (small or large) egg sizes are evolutionarily stable modes of development (Vance 1973) . In contrast to this theoretical prediction, intermediate egg sizes are frequently found in nature (Emlet et al. 1987; Kohn and Perron 1994; Levitan 2000) and in echinoids the distribution of egg sizes is unimodal over the range of egg sizes covered by the Vance (1973) model (Sewell and Young 1997) . Echinoid egg size distributions become significantly bimodal only when large-egged lecithotrophs are included in the analysis (Sewell and Young 1997) . In order to account for species with intermediate egg sizes, later modeling efforts modified assumptions about the nature of the relationship between egg size and development time (Christiansen and Fenchel 1979; McEdward 1997; Levitan 2000) . Intermediate, rather than extreme, egg sizes are favored if the relationship between egg size and development time is modeled with development times or mortality rates that increase as egg size decreases instead of a simplified linear assumption (Christiansen and Fenchel 1979; Strathmann 1985; Levitan 2000) . However, comparative data sets for estimating these relationships (Levitan 2000) are themselves limited in that they cannot be used to isolate the effects of egg size on development time due to confounding genetic and environmental factors. Therefore, experimental confirmations of the egg size-development time relationship are still needed. Several methods may be used to isolate the effects of egg size on development time, including blastomere separation (Harvey 1940; Horstadius 1973; McEdward 1988 McEdward , 1996 , adjustment of oogenesis by manipulation of adult diet (Thompson 1983; George 1996 George , 1999 and surgical removal of embryonic lipid deposits (Emlet and Hoegh-Guldberg 1997) . Two studies manipulating egg size in echinoid echinoderms using blastomere separations and surgical removal of lipids found that reducing egg size by 40-75% had no effect on development time in species with large (270-400-mm diameter) eggs (Emlet and Hoegh-Guldberg 1997; Allen et al. 2006 ). Conversely, a study investigating the effects of blastomere separations on two echinoid species with small (74-83-mm diameter) eggs found that egg size reduction increased development time (Allen 2005) . The paradigm suggested by these results is that increases in egg size benefit offspring with small initial egg sizes by reducing development time and benefit offspring with large initial egg sizes by increasing juvenile quality. Therefore the initial size of the egg is a critical determinant of the effects of reductions in parental investment.
While the effects of egg size reductions on development seem clear for echinoderm species with both large (4250 mm) and small (o100 mm) egg sizes, there has been confusion about the effects of egg size reductions on species with intermediate egg sizes. As discussed above, previous egg size manipulation studies using species with intermediate egg sizes yielded different results. The present study expands our understanding of the egg size-development time relationship by providing a detailed analysis for two species of echinoids with intermediate egg sizes. We also show that, at intermediate egg sizes, egg size reductions have strong effects on both development time and juvenile quality.
The next step for studies manipulating endogenous and exogenous resources in larval development is to identify longterm effects on juvenile survival and quality (e.g., Marcus 1979; reviewed by Marshall and Keough 2008) . While several studies suggest that parental investment in eggs affects the quality of the offspring postmetamorphosis (Strathmann and Vedder 1977; Emlet and Hoegh-Guldberg 1997; McEdward and Janies 1997; Pechenik 1999) , the consequences of these effects beyond the first few days or weeks of the juvenile stage remains unexplored. The most common approach to measuring these latent effects (Pechenik et al. 1998; Pechenik 2006) is to study species that develop via nonfeeding larvae with a short development time. For example, Marshall et al. (2003) determined that bryozoan colonies originating from large larvae had higher survival rates, grew more rapidly, and became reproductive at a younger age than colonies from smaller larvae. Although such studies provide valuable information regarding latent effects in marine invertebrates with short-lived, nonfeeding larvae, similar experiments with planktotrophic species are more challenging due to their extended larval development times (often 430 days). In order to observe and measure latent effects in these species, it may also be necessary to rear the juveniles under laboratory and/or field conditions for several weeks beyond the initiation of metamorphosis. We are currently conducting pilot markrecapture studies using fluorescently labeled juvenile sea urchins whose larval history has been precisely controlled in the laboratory as a means of extending our knowledge of latent effects in planktotrophic marine invertebrate species (Allen and Alcorn, unpublished data) .
